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Introduction {#sec1}
============

Tissue regeneration is a necessary process that allows damaged tissues to repair and remodel upon injury. Mammalian tissue regeneration is restricted to a subset of tissues, and incomplete repair can lead to scar formation or fibrotic deposition ([@bib11], [@bib32], [@bib41], [@bib68]). Therefore, it is critical to understand the cell types and processes that mediate tissue healing in order to improve regenerative efficiency while limiting scar formation. Although regeneration is a complex and regulated process, skeletal muscle harbors a well-studied population of stem cells that supports its regenerative capacity ([@bib71]). As such, skeletal muscle is an ideal tissue to investigate mechanisms underlying successful regeneration toward improving stem-cell-based therapies.

Skeletal muscle is composed of multinucleated mature muscle cells (myofibers), a resident pool of muscle stem cells (MuSCs, also called muscle satellite cells), and other populations such as fibro-adipogenic progenitors (FAPs), endothelial cells, tenocytes, and resident immune cells ([@bib45]). Upon injury, MuSCs activate, proliferate, differentiate, and fuse together to repair damaged myofibers. However, their appropriate responses are mediated by both resident and infiltrating cells ([@bib45], [@bib49]). Immediately after injury, neutrophils and macrophages invade the damaged tissue and sustain a pro-inflammatory environment to help clear necrotic tissue ([@bib28], [@bib35]). The pro-inflammatory environment sustains MuSC proliferation, whereas the anti-inflammatory environment allows for MuSC differentiation, providing synergism between the immune and stem cell responses ([@bib1], [@bib13], [@bib65]). For example, anti-inflammatory macrophages couple angiogenesis with MuSC differentiation through the production of oncostatin M, underscoring the interdependence of various cellular responses ([@bib10], [@bib33], [@bib1], [@bib7], [@bib23], [@bib24], [@bib27], [@bib53], [@bib61]). These and many other studies emphasize the importance of MuSCs, supporting cell types and intercellular communication networks for successful muscle regeneration. However, conventional research has relied on targeted approaches to evaluate population-specific characteristics and thus has not provided a full picture of the events and dynamics.

Single-cell RNA-sequencing (scRNA-seq) provides the opportunity to deconvolute heterogeneous tissue into individual cells based on their transcriptomic profiles ([@bib26]). In combination with various computational techniques, scRNA-seq has revolutionized our understanding of tissue function and exposed a tremendous amount of heterogeneity in homeostatic tissues ([@bib73], [@bib74]). For example, scRNA-seq has provided insights about the regeneration program in axolotl, identified an interstitial fat progenitor population in both mouse and human adipose tissue, and demonstrated the similarity of infiltrating myeloid cells in human and mouse lung cancer ([@bib19], [@bib39], [@bib74]). scRNA-seq has been used to describe cell-cell communication networks within tumor microenvironments, small intestinal crypts, mouse bone marrow, and across liver endothelial cells, emphasizing the breadth of information that can be gained to understand the cellular and molecular regulation of tissue homeostasis and diseases ([@bib5], [@bib22], [@bib30]).

Recent scRNA-seq studies on mouse hindlimb muscle identified a new population of interstitial tenocytes that function during muscle repair and defined distinct transcriptional programs in quiescent and activated MuSCs ([@bib12], [@bib20]). scRNA-seq on muscle FAPs during mouse development, regeneration, and from a Duchenne\'s muscular dystrophy model suggest that a Vcam1-positive FAP population underlies fibrotic persistence ([@bib38]). A recent publication highlighted the transcriptional diversity of cells from muscle organoids and outlined growth factors required for MuSC differentiation in organoid culture ([@bib66]), whereas two recent pre-prints employed scRNA-seq to study cell-type-specific responses to muscle injury at 2, 4, 5, and 7 days post injury ([@bib40], [@bib44]). However, a comprehensive characterization from the immediate response through to near pre-injury levels has not been described at the single-cell transcriptomic level.

We employed scRNA-seq of skeletal muscle to understand the transcriptional dynamics that underpin muscle regeneration at six key regenerative time-points and in non-injured muscle. We selected early time points to capture the immediate cellular responses and later time points during muscle maturation and recovery to provide the most comprehensive scRNA-seq analysis of muscle regeneration to date. Our findings highlight the continuous transition of immune populations and suggest that two unique FAP populations are present in resting, non-injured muscle that adopt distinct transcriptional features immediately upon injury. We also identify a unique subpopulation of MuSCs enriched for immune-related transcripts and outline potential receptor-ligand pairs to identify key players in cell-communication networks during muscle regeneration. Our findings provide insights into muscle regeneration and serve as a foundation for future exploration of the potentially critical role of various cellular populations and subpopulations in effective skeletal muscle repair.

Results {#sec2}
=======

scRNA-Seq Reveals Transcriptional Dynamics during Muscle Regeneration {#sec2.1}
---------------------------------------------------------------------

To understand cellular dynamics and interactions during muscle regeneration, we performed scRNA-seq of single cell suspensions collected at various stages of muscle regeneration (summarized in [Figure S1](#mmc1){ref-type="supplementary-material"}A). Time points were selected based on the published literature in an effort to capture cell-type heterogeneity. Specifically, we chose 0.5, 2, 3.5, and 5 days post injury (DPI) as these stages are highly dynamic, involve an immediate immune response, and yield progressive changes that support MuSC activation, proliferation, and differentiation into newly regenerated fibers ([@bib1], [@bib13], [@bib17], [@bib35], [@bib49]). We also analyzed muscles at 10 DPI, when the degenerated myofibers are largely regenerated, and 21 DPI, when regeneration is assumed to be nearly complete and muscle function recovered ([@bib2]). We also evaluated the morphological features of these time points by histological sectioning ([Figure S1](#mmc1){ref-type="supplementary-material"}B), to confirm that these time points would best capture regeneration dynamics using scRNA-seq.

To generate single-cell suspensions for scRNA-seq, tibialis anterior (TA) muscles were isolated from non-injured and injured mice at six regenerative time points (n = 3 mice per time point, pooled into one sample) for cell isolation. Fluorescence-activated cell sorting (FACS) was then used to select for single cells and exclude aggregated cells, dead cells, and debris ([Figure S1](#mmc1){ref-type="supplementary-material"}C; detailed in [Transparent Methods](#mmc1){ref-type="supplementary-material"}). The 10X Genomics Chromium Platform was used to generate single cell libraries, which were processed according to the manufacturer\'s instructions and sequenced on an Illumina NovaSeq platform. Individual cells were filtered based on mitochondrial RNA content, features, and reads/cell to yield a total of 53,193 cells across the seven samples with an average of 7,599 cells/sample ([Figure S2](#mmc1){ref-type="supplementary-material"}). Since the seven samples were processed in four batches, we used principal-component analysis (PCA) to determine if batch effects contributed to the variance across samples ([Figure S3](#mmc1){ref-type="supplementary-material"}). As these results did not suggest that samples were purely separated by batch, we combined all cells from the seven samples and performed unsupervised clustering and UMAP embedding using the Seurat R package ([@bib8]).

UMAP embedding of all seven samples colored by time point highlighted the progressive nature of muscle regeneration ([Figure 1](#fig1){ref-type="fig"}A). Unsupervised clustering identified a total of 25 clusters across the seven time-points ([Figures S4](#mmc1){ref-type="supplementary-material"} and [S5](#mmc1){ref-type="supplementary-material"}), which we manually grouped into meta-clusters based on marker gene expression to simplify visualization ([Figures 1](#fig1){ref-type="fig"}B and 1C). MuSCs, pericytes, endothelial cells, and myonuclei all formed discrete clusters ([Figure 1](#fig1){ref-type="fig"}B). Immune cells formed several discrete clusters including neutrophils, T-cells, and a large cluster of cells containing eleven subpopulations ([Figure S4](#mmc1){ref-type="supplementary-material"}). Similarly, a population of mesenchymal cells containing fibroblasts, tenocytes, and fibro-adipogenic progenitors (FAPs) formed eight clusters ([Figure S4](#mmc1){ref-type="supplementary-material"}), which we henceforth refer to as FAPs for simplicity. The cell populations identified are consistent with the previously published literature ([@bib2]), suggesting our data recapitulated key events involved in regeneration.Figure 1Single-Cell RNA Profiling of Over 53,000 Cells during Skeletal Muscle Regeneration(A) Single-cell suspensions were generated from non-injured whole tibialis anterior muscle and six time points following injury with cardiotoxin (CTX). UMAP embedding of scRNA-seq data colored by time point highlights the progressive nature of skeletal muscle regeneration. The regeneration time point color correlates with the timeline scheme.(B) UMAP embedding of scRNA-seq data colored by meta-clusters to simplify visualization.(C) Violin plots grouped by meta-clusters demonstrate cell-type marker gene expression, which was used to classify meta-clusters.(D) Relative proportion of cell types at each time point. Shows initial abundance of inflammatory immune cells and gradual decrease of immune cell abundance with a concurrent increase in FAP populations. Regeneration time point plotted along x axis, relative abundance as a % of total cells along the y axis. Abbreviations: APC, antigen-presenting cells; CTX, cardiotoxin; DCs, dendritic cells; Dividing IC, dividing immune cells; DPI, days post injury; ECs, endothelial cells; FAPs, fibro-adipogenic progenitors; MΦ, macrophages; MuSCs, muscle satellite cells; NI, non-injured.

In non-injured muscle, the primary cell types identified were FAPs and myonuclei (which were presumably released during tissue mincing and digestion and isolated by FACS as single cells), accounting for 62% and 24% of the total population, respectively ([Figure 1](#fig1){ref-type="fig"}D). MuSCs comprised 3.1% of the total cell populations, and immune cells made up 7% ([Figure 1](#fig1){ref-type="fig"}D). Immediately after injury, immune cells accounted for 87% of the total fraction of cells, whereas the abundance of FAPs dropped to 10% ([Figure 1](#fig1){ref-type="fig"}D), highlighting the immediate cell-type response to muscle injury. Few MuSCs were detected by scRNA-seq at 0.5 and 2 DPI, although they were readily detected in cross sections ([Figure S6](#mmc1){ref-type="supplementary-material"}). This may be due to inefficient digestion/isolation of highly inflammatory muscle tissue at these early time points ([@bib21], [@bib62]). Nonetheless, MuSCs were readily detectable (3.8%) by 3.5 DPI, along with an increased abundance of FAPs and shifts in the immune cell types ([Figure 1](#fig1){ref-type="fig"}D). Consistent with the ongoing resolution of muscle injury, the relative fraction of immune cells began to decline by 5 DPI, whereas the relative fraction of FAPs increased through 21 DPI ([Figure 1](#fig1){ref-type="fig"}D). A simple comparison of the transcriptional features from non-injured and 21 DPI also suggested that muscle-specific transcripts were enriched in non-injured compared with 21 DPI, whereas *Col1a1* appeared to be enriched at 21 DPI compared with non-injured ([Figure S7](#mmc1){ref-type="supplementary-material"}). This may indicate on-going fibrosis and tissue remodeling at 21 DPI that has not resolved to pre-injury levels. In summary, these data highlight the progressive nature of muscle regeneration and represent the largest scRNA-seq profile of muscle regeneration to date.

Profiling of Immune Cells Reveals a Dynamic and Progressive Immune Response {#sec2.2}
---------------------------------------------------------------------------

Immune cells comprised the largest population in our data and displayed the most dynamic, transient, and time-dependent transcriptional features compared with other cell populations. In non-injured muscle, we detected a small population of resident Cd3^+^ and Cd4^+^ T cells, as well as small populations of dendritic cells, monocytes, and neutrophils ([Figure 2](#fig2){ref-type="fig"}A, vii-viii). Immediately upon injury, leukocytes, M1 macrophages, and neutrophils were the primary cell types detected ([Figure 2](#fig2){ref-type="fig"}A, i-ii). Leukocytes were enriched for *Vcan*, *Cxcl3*, and *Chil3*; M1 macrophages expressed *Cd36*, *Arg1*, *Spp1 Fabp4*, and *Fabp5*; and neutrophils specifically expressed *S100a8* and *S100a9* ([Figure S5](#mmc1){ref-type="supplementary-material"}). Neutrophils also expressed *Csf1* at these early regeneration stages, which has been shown to modulate the tissue-resident macrophages\' response and thus outlines the progressive inter-cellular communication network ([@bib6]). Nonetheless, these early-stage immune populations were transient and not detected at the subsequent time points.Figure 2Immune Cell Dynamics during Muscle Regeneration(A) UMAP embedding of immune cell populations during muscle regeneration, colored by cluster. Panels (i)--(vii) time-point-specific immune cell populations. Arrows drawn to highlight the progressive nature of the immune response and subsequent resolution to near non-injured levels by 21 DPI. Panel (viii) UMAP embedding colored to show all immune cell populations and their cluster identity.(B) Violin plots showing gene-specific expression trends as a function of regeneration time point. Top panel of violin plots highlights pro-inflammatory gene signatures that are enriched at 0.5 and 2 DPI, whereas the bottom panel shows later-stage anti-inflammatory and antigen presentation gene signatures.(C) Density plot to demonstrate immune population dynamics throughout the course of regeneration. Immediate response is primarily mediated by pro-inflammatory immune cells such as neutrophils and M1 MΦ's and subsequently followed by anti-inflammatory immune populations. X axis is hours post injury (with 0 being non-injured); along the y axis is fraction of the immune cell population out of total cells per time point, expressed as %. Abbreviations: DPI, days post injury; MΦ, macrophages.

At 3.5 and 5 DPI, we detected a population of Il7r^+^ macrophages, M2 macrophages, and Ly6c^+^ monocytes ([Figure 2](#fig2){ref-type="fig"}A and iii-iv). The Il7r^+^ macrophages expressed *Gpnmb*, *Msrb1*, and *Pld3*; M2 macrophages were enriched for *C1qa*, *C1qb*, *C1qc*, *Ms4a6*, and *Ms4a7*; and Ly6c^+^ monocytes expressed *Cd52*, *Ccr2*, and *Tlr2*. We also detected a late-stage population of macrophages with M2-like characteristics, which we labeled Mrc1^+^ macrophages. These macrophages were detected at 5 and 10 DPI and were enriched for *H2-Aa*, *H2-Eb1*, and *H2-Ab1*, as well as markers of immature dendritic cells such as *Tmem176a*, *Tmem176b*, and *Cd81* ([Figures 2](#fig2){ref-type="fig"}A and iv-v and [S5](#mmc1){ref-type="supplementary-material"}). T cells were most abundant at 10 and 21 DPI when most myofibers are fully regenerated, suggesting they may play a role in muscle remodeling ([Figure 2](#fig2){ref-type="fig"}A and v-vi).

To highlight the gene expression characteristics of the immune response, we analyzed time-point-specific gene expression. These data suggest that the immediate response to muscle injury is governed by a pro-inflammatory phenotype, which subsequently switches to an anti-inflammatory phenotype that yields a gradual resolution ([Figures 2](#fig2){ref-type="fig"}B and [S8](#mmc1){ref-type="supplementary-material"}). Chil3, Tnf, Ptgs2, Ccl2, and Cxcl3 have known pro-inflammatory roles and were markedly enriched and specific to 0.5 and 2 DPI ([Figure 2](#fig2){ref-type="fig"}B) ([@bib69]). Later time-point-specific gene expression characteristics included *Tmem176b*, *Cd74*, *H2-Eb1*, *H2-Aa*, and *Ms4a7* ([Figure 2](#fig2){ref-type="fig"}B), which are markers for anti-inflammatory macrophages and dendritic cells in our dataset. The clear switch in gene expression signatures from 2 to 3.5 DPI is consistent with the switch from a pro- to anti-inflammatory immune environment ([Figures S8](#mmc1){ref-type="supplementary-material"} and [2](#fig2){ref-type="fig"}C) and is nicely recapitulated by the clockwise shift of immune cell types during regeneration. Thus, these data will further serve the community as a tool to explore the immune-cell-specific transcriptional characteristics during muscle regeneration.

Divergence and Bilineage Trajectory of FAP Populations {#sec2.3}
------------------------------------------------------

FAPs reside in the muscle interstitium and play a role in mediating the immune response and ECM remodeling to support skeletal muscle regeneration ([@bib3]). Based on the expression of *Pdgfra*, *Sca1*, and *Cd34*, we identified a heterogeneous and dynamic cluster of FAPs throughout regeneration ([Figures 3](#fig3){ref-type="fig"}A and 3B). Tenocytes marked by the expression of *Tnmd* and *Scx* clustered closely with FAPs, all within the larger mesenchymal cell population ([Figure 3](#fig3){ref-type="fig"}B). Unlike the immune population which exhibited a progressive nature to yield a nearly resolved state by 21 DPI, FAP populations followed a linear trajectory emerging from 0.5 DPI. Upon muscle damage, we detected a FAP population with distinct transcriptional characteristics compared with the non-injured populations. We labeled this subpopulation as activated FAPs as they were marked by the expression of *Cxcl5*, *Cxcl3*, *Ccl7*, and *Ccl2* ([Figure 3](#fig3){ref-type="fig"}B). Activated FAPs were detected at early regeneration stages (0.5 and 2 DPI) and transitioned into a Wisp1^+^ FAP subpopulation at 3.5 and 5 DPI ([Figure 3](#fig3){ref-type="fig"}B). Wisp1^+^ FAPs were enriched for ECM-remodeling factors such as *Col8a1*, *Col12a1*, *Col16a1*, *Col11a1*, *Tnc*, *Fbn2*, and *Adam12*. Unique to 10 DPI, we detected a population of Dlk1^+^ FAPs ([Figure 3](#fig3){ref-type="fig"}C) enriched for genes that show complex imprinting patterns such as *B830012L14Rik*, *Meg3*, *Airn*, *Peg3*, *Zim1*, *H19*, and *Igf2* ([@bib70]). Osr1^+^ FAPs and a fibroblast population (enriched for genes encoding type I collagen) were the primary populations at 21 DPI. Osr1^+^ FAPs expressed cell-signaling-related genes such as *Ccl1*, *Bmp4*, *Bmp5*, and *Wnt5a*, and interestingly, some of the Osr1^+^ FAPs diverged into the two populations identified in the non-injured muscle: a Dpp4^+^ FAP population and a Cxcl14^+^ FAP population ([Figures 3](#fig3){ref-type="fig"}A and 3C). The Dpp4^+^ FAPs also expressed *Pi16* and *Wnt2*, thus representing the muscle analogue of the reticulum interstitial adipose progenitors recently identified in the adipose tissues ([@bib39]). The Cxcl14^+^ FAPs expressed genes encoding secreted enzymes, such as *Enpp2*, *Crispld2*, and *Hsd11b1*. Furthermore, recent scRNA-seq of FAP in muscle identified two similar subpopulations ([@bib56]), further corroborating our data and analysis. To highlight the stage-specific gene expression characteristics, we evaluated markers enriched in the FAP populations by regeneration time point ([Figure 3](#fig3){ref-type="fig"}C). Early response genes were implicated in cytokine interactions, whereas the later time points were enriched for ECM factors ([Figure 3](#fig3){ref-type="fig"}C), suggesting FAPs may function to mediate immune infiltration and muscle remodeling at early and late regenerative stages, respectively. A gene signature list for the top 50 enriched genes for each subpopulation is provided in [Table S2](#mmc1){ref-type="supplementary-material"}.Figure 3Fibro-Adipogenic Progenitor Population Dynamics during Muscle Regeneration(A) UMAP embedding of all cells profiled by scRNA-seq during regeneration. Left panel colored by time point, right panel colored by FAP cluster identity. Dotted line circles the FAP population.(B) Feature plots showing the normalized expression of cluster-specific genes. *Pdgfra* is expressed by most cells, whereas *Cxcl5* is restricted to the activated FAP population. *Wisp1* is expressed mostly in FAPs from 3.5 to 5 DPI, whereas *Cxcl14* and *Dpp4* may represent two divergent FAP subpopulations present in resting, non-injured muscle.(C) Violin plots of genes exhibiting time-point-specific expression dynamics. The top panel highlights enrichment of immune-modulatory factors at early time points, the middle panel highlights genes enriched at 3.5--10 DPI, whereas the bottom highlights the expression of genes enriched at 21 DPI and in non-injured muscle.(D) Pseudotime trajectory inference using Monocle of the FAP populations (not including tenocytes). Activated FAPs were selected as the start, and Monocle arranged cells accordingly. UMAP embedding and trajectory inference exhibit a similar pattern in which activated FAPs diverge into two subpopulations present in resting muscle.(E) Plot to highlight the putative interactome of FAPs, highlighting their diverse role in response to muscle injury. Cell types are grouped by meta-clusters to simplify visualization. Each connection is the sum of interactions across all of the time points. Abbreviations: APC, antigen-presenting cells; DCs, dendritic cells; Dividing IC, dividing immune cells; DPI, days post injury; ECs, endothelial cells; FAPs, fibro-adipogenic progenitors; MΦ, macrophages; MuSCs, muscle satellite cells; NI, non-injured.

The directional progression and divergence of the FAP populations from 0.5 DPI to the two subpopulations detected in non-injured muscle was a unique attribute to this cluster of cells. To determine if these populations may represent transitional states, we employed Monocle for trajectory inference and selected activated FAPs as the start point. Monocle is an unsupervised algorithm that aligns cells along an inferred trajectory and can robustly recapitulate differentiation programs and other biological processes ([@bib63]). Monocle arranged FAPs along a common trajectory that diverged into two distinct branches, which coincided with the two subpopulations (Cxcl14^+^ and Dpp4^+^) detected in non-injured muscle ([Figures 3](#fig3){ref-type="fig"}D and [S9](#mmc1){ref-type="supplementary-material"}A--S9C). Activated and Wisp1^+^ FAPs localized toward the start of pseudotime, whereas the fibroblasts did not appear to have any spatial bias. Osr1^+^ and Dlk1^+^ FAPs were distributed along the two major branches ([Figure 3](#fig3){ref-type="fig"}D). Gene expression plots of *Dpp4* and *Cxcl14* highlight the divergent fates the two FAP subpopulations occupy in pseudotime, confirming that Cxcl14+ and Dpp4+ FAPs represent two distinct subpopulations in non-injured muscle ([Figure S9](#mmc1){ref-type="supplementary-material"}C). As the tenocytes represent a relatively well-characterized population distinct from FAPs ([@bib60]), they were not included in trajectory analysis. These results were further corroborated by Slingshot, a semi-unsupervised clustering algorithm that uses scRNA-seq data to construct cell lineages and scored highest for accuracy and stability compared with all tree-based inference methods ([@bib51], [@bib57]). Lineage inference with Slingshot on subclustered and UMAP embedded FAPs similarly produced a trajectory that diverged to yield the Dpp4^+^ and Cxcl14^+^ FAPs, consistent with Monocle and the global UMAP structure ([Figures S9](#mmc1){ref-type="supplementary-material"}D--S9F). These results suggest that the FAP populations represent a continuous state during regeneration and may diverge into the Dpp4^+^ and Cxcl14^+^ FAP subpopulations present in non-injured muscle.

To better understand the requirement of FAPs, we evaluated the co-enrichment of receptor-ligand pairs across all cells per time point using a published receptor-ligand dataset ([@bib48]). For each time point, we evaluated the expression of receptor-ligand pairs enriched across all cell types and plotted the sum of these interactions to identify which cells may mediate cell-cell communication. Given that tenocytes express high levels of collagen-related genes, we were not surprised to identify a high enrichment of putative interactions among FAPs and tenocytes ([Figure 3](#fig3){ref-type="fig"}E). Nonetheless, FAPs were also enriched for putative receptor-ligand pairs across various immune cell types, consistent with their immunomodulatory and ECM remodeling functions ([Figure 3](#fig3){ref-type="fig"}E and [Table S3](#mmc1){ref-type="supplementary-material"}). In sum, these data highlight the diverse and perhaps supportive role for FAPs in muscle regeneration.

MuSC Sub-clustering Reveals a Subpopulation of Myoblasts with Immune Gene Characteristics {#sec2.4}
-----------------------------------------------------------------------------------------

MuSCs from all regeneration time points formed a single population distinct from other clusters ([Figures 1](#fig1){ref-type="fig"}B and [4](#fig4){ref-type="fig"}A). To better understand the transcriptional features within the MuSC population, we performed unsupervised clustering on the MuSCs containing the transcripts of 1,727 cells. This identified a total of six unique subclusters that we labeled according to their gene expression profiles ([Figures 4](#fig4){ref-type="fig"}A and 4B). Specifically, we identified a subpopulation of quiescent MuSCs that expressed *Pax7*, *Sdc4*, *Col3a1*, *Pten*, and *Spry1* ([@bib16], [@bib46], [@bib54], [@bib64], [@bib72]), which comprised MuSCs mostly from non-injured muscle ([Figures 4](#fig4){ref-type="fig"}B, 4C, and [S10](#mmc1){ref-type="supplementary-material"}). Activated MuSCs expressed *Pax7*, *Myod1*, *Islr*, and *Itm2a*, whereas dividing MuSCs also expressed *Pax7* but were enriched for cell-cycle-related genes *Mik67*, *Top2a*, and *Cdk1* ([@bib31]). The committed and differentiated subpopulations expressed differentiation and mature muscle markers such as *Myogenin*, *Ttn*, *Myh3*, and *Myl4*, with higher expression levels in the differentiated subpopulation. MuSCs from 0.5 to 5 DPI were mostly composed of activated, dividing, committed, and differentiated MuSCs, respectively ([Figure S10](#mmc1){ref-type="supplementary-material"}), consistent with known stages of MuSC-mediated myogenesis in response to injury.Figure 4MuSC Sub-cluster Analysis Reveals Subpopulation Enriched for Immune Gene Expression(A) UMAP embedding of all cells profiled during muscle regeneration. MuSCs are colored in green and circled; all other cells are colored in gray.(B) Subclustering of MuSCs. Left panel colored by regeneration time point; right panel colored by cluster identity.(C) Bar graphs to represent the proportion of MuSC subcluster for each time point; 0.5, 2, and 3.5 DPI were combined owing to low number of MuSCs detected at 0.5 and 2 DPI.(D) Violin plots to show subcluster-specific gene expression and enrichment of C1qa in the immuno-myoblast sub-cluster. Colored by cluster identity.(E) Pseudotime trajectory inference using Monocle, cells are plotted along the inferred trajectory. Quiescent MuSCs were selected as the start of pseudotime, which is indicated in the top panel. The bottom panel is colored by the cluster identities.(F) Heatmap of selected genes to show their dynamic expression along pseudotime. Genes enriched in quiescent MuSCs are enriched at the start of pseudotime, whereas differentiation-specific genes are expressed at the end of pseudotime. Gene names are colored by subcluster identity in which they are enriched. Expression values are the log(expression value +0.1). Abbreviations: MuSCs, muscle satellite cells; QSC, quiescent MuSCs; ASC, activated MuSCs; IMB, immuno-myoblasts; DIV, dividing MuSCs; DIF, differentiated MuSCs; COM, committed MuSCs; DPI, days post injury.

Surprisingly, we also identified an MuSC subpopulation that has not been previously described. This population was enriched for genes involved in immune cell complement activation (*C1qa*, *C1qb*, *C1qc*), major histocompatibility class II antigens (*H2-Eb1*, *H2-Aa*, *H2-Ab1*) and members of the cathepsin family (*Ctsb*, *Ctss*), in addition to the expression of myogenic genes ([Figure S10](#mmc1){ref-type="supplementary-material"} and [Table S4](#mmc1){ref-type="supplementary-material"}). We therefore coined this subpopulation of MuSCs as immunomyoblasts (IMBs). A small proportion of MuSCs at early regeneration stages fell within this sub-cluster, whereas at 21 DPI nearly 50% of detected MuSCs were immunomyoblasts ([Figure 4](#fig4){ref-type="fig"}C). Although this subpopulation had a similar gene expression profile to quiescent, activated, and dividing MuSCs, the expression of immune-related genes was restricted to this population ([Figure S10](#mmc1){ref-type="supplementary-material"}). In summary, a progressive change in gene expression mediates the transition from quiescent to differentiated MuSCs, and our results highlight the robustness of scRNA-seq in recapitulating this dynamic and capture a unique subpopulation of MuSCs that have not been described to date.

Given that our data recapitulated known stages of MuSC transition from quiescence to differentiation, we used Monocle to assess if the IMB subpopulation represents a previously undescribed MuSC fate ([@bib63]). Monocle arranged the majority of cells along two trajectories and one smaller trajectory ([Figure 4](#fig4){ref-type="fig"}E). Quiescent MuSCs plotted tightly together at the start of pseudotime, whereas activated MuSCs did not exhibit a spatial bias, suggesting that the activation state of MuSCs is continuous. Committed and differentiated MuSCs localized at the two ends of the major branchpoint, whereas dividing cells were restricted to the lower half of the pseudotime space ([Figure 4](#fig4){ref-type="fig"}E). This may suggest that MuSCs go from quiescence to activation and then can be fated to (1) differentiate (top right branch) or (2) proliferate and then differentiate (bottom branch furthest to right) or self-renew (bottom branchpoint toward the left) ([Figure 4](#fig4){ref-type="fig"}E). Consistent with this notion, *Pax7* and *Cdk1* expression was enriched in the lower half of pseudotime space, whereas *Myog* was restricted to the end of the major branchpoint (top and bottom right branches, [Figure S11](#mmc1){ref-type="supplementary-material"}A). We next plotted the gene expression of markers associated with quiescent and differentiated MuSCs. The expression of quiescent markers was enriched at the start of pseudotime, whereas differentiation markers were enriched at the end ([Figure 4](#fig4){ref-type="fig"}F). Also enriched toward the end of pseudotime were cell-cycle-related genes ([Figure 4](#fig4){ref-type="fig"}F), which may represent gene expression characteristics of a self-renewing MuSC population. Although immunomyoblasts did not occupy a specific pseudotime space, gene signatures of this population (i.e., *Ctss*, *Ctsb*, *Ms4a7*, *H2-Aa*, *C1qa*, *C1qb*, *C1qc*) were transiently expressed along the progression of pseudotime ([Figure 4](#fig4){ref-type="fig"}F), suggesting that this subpopulation may represent a transitional MuSC state. We also used Slingshot to corroborate these findings and selected quiescent MuSCs as the start point and differentiated MuSCs as the endpoint ([Figure S11](#mmc1){ref-type="supplementary-material"}B). Based on the constructed minimum spanning tree (MST), Slingshot identified three distinct lineages in the MuSC cluster that highlight the (1) differentiation trajectory, (2) the dividing trajectory, and (3) the immunomyoblast trajectory ([Figure S11](#mmc1){ref-type="supplementary-material"}B). Genes that defined the immunomyoblast fate highlighted the distinct transcriptional features of this subpopulation and promoted us to further evaluate their expression in MuSCs.

As the IMB subpopulation of MuSCs has not been described, we sought to confirm the expression of some of the features uniquely enriched in this population. To this end, we used FACS to isolate MuSCs from non-injured and 5 DPI hindlimb muscles of *Pax7*^*CreER*^:*sfGFP* reporter mice, which allowed the conditional labeling of Pax7-positive cells and all of the progeny with nuclear-membrane GFP upon administration of tamoxifen ([Figure S12](#mmc1){ref-type="supplementary-material"}A) ([@bib37], [@bib42]). We isolated RNA, generated cDNA, and probed the expression of some of the aforementioned markers enriched in the IMB population identified in our scRNA-seq dataset by RT-PCR. This confirmed that MuSCs isolated from 5 DPI muscle indeed showed increased expression of these markers ([Figure 5](#fig5){ref-type="fig"}A). Specifically, *Ctsb*, *C1qa*, *Ctqc*, and *Lyz2* were not detectable in MuSCs isolated from non-injured muscles but were expressed in MuSCs isolated from 5 DPI muscles. As mRNA does not always correlate to protein expression ([@bib34]), we performed immunofluorescence (IF) with selected antibodies on muscle sections or myoblasts growing on cultured myofibers. We first probed the expression of C1q and Pax7 by IF from non-injured and 5, 10, and 21 DPI samples. Quantification of C1q and Pax7 co-expression suggested that only a subset of Pax7-positive cells was also positive for C1q and this was dynamic during the course of regeneration, corroborating the results from our scRNA-seq dataset ([Figure 5](#fig5){ref-type="fig"}B). Co-localization of Pax7 and C1q was highest at 10 DPI (61% of Pax7+ cells were also C1q^+^) and subsequently decreased by 21 DPI to 20% ([Figure 5](#fig5){ref-type="fig"}B). Since MHC II expression was also enriched in the *in silico* identified immunomyoblast subpopulation, we evaluated the co-expression of Pax7 and MHC II on muscle sections from non-injured and 5, 10 and 21 DPI ([Figure 5](#fig5){ref-type="fig"}C). Quantification of Pax7 and MHC II co-localization confirmed that a subset of Pax7^+^ cells are also positive for MHC II, and the co-expression of Pax7 and MHC II is enriched at 10 DPI (17%, [Figure 5](#fig5){ref-type="fig"}C). Given that MHC II is a surface protein primarily expressed in antigen-presenting cells ([@bib50]), we used FACS and the *Pax7*^*CreER*^:*sfGFP* reporter mouse to better resolve MHC II expression in MuSCs. We digested hindlimb muscle from 5 DPI mice, stained with MHC II conjugated to PE or the respective isotype control, and subjected the samples to FACS to determine the presence of any GFP^+^/MHC II^+^ cells. Only a subset of GFP^+^ cells were also MHC II positive after injury, whereas the isotype control did not exhibit binding, suggesting that the MHC II antibody is specific for the target antigen ([Figure S12](#mmc1){ref-type="supplementary-material"}B). Furthermore, imaging of 5 DPI MuSCs after FACS clearly demonstrated surface expression of MHC II ([Figure 5](#fig5){ref-type="fig"}D). Finally, we evaluated the expression of Ctsb and Apoe by IF using single myofiber culture, as this is commonly used to mimic the MuSC-myofiber interaction *in vitro* ([@bib4]). Indeed, a subset of Myod^+^ cells were also positive for cytoplasmic Ctsb (28%, [Figure S12](#mmc1){ref-type="supplementary-material"}C), whereas ApoE was detected in the cytoplasm 22% of Myod^+^ cells ([Figure S12](#mmc1){ref-type="supplementary-material"}D). Overall, these data suggest that a subpopulation of MuSCs enriched in immune-gene expression may transiently exist after muscle injury, consistent with the identification of this population *in silico* in our scRNA-seq data.Figure 5Evaluation of Immune Gene Expression in MuSCs(A) RT-PCR to detect the expression of immune genes in MuSCs isolated from non-injured muscle (-CTX) or 5 DPI (+CTX). Genes are marked along the top.(B) Immunofluorescence to detect Pax7 and C1q on sections from non-injured and 5, 10, and 21 DPI TA muscle. Left panel: C1q single channel, right panel: merged. Bar on right: quantification of Pax7^+^ cells (total number counted in black) that are also positive for C1q (% in green). Scale bar: 50 μm.(C) Immunofluorescence to detect Pax7 and MHC-II on sections from non-injured and 5, 10 and 21 DPI TA muscle. Left panel: MHCII single channel, right panel: merged. Bar on right: quantification of Pax7^+^ cells (total number counted in black) also positive for MHC II (% in green). Scale bar: 50 μm.(D) Images MuSCs isolated 5 DPI from Pax7^CreER^:sfGFP mice using FACS based on nuclear-membrane GFP (top) and MHCII (middle). The merged panels (bottom) highlight the surface localization of MHCII expression in Pax7-progeny cells (related to [Figures S12](#mmc1){ref-type="supplementary-material"}A and S12B).(E) Plot to highlight the potential interactions of immunomyoblasts with all other cells. Interactions are primarily enriched from IMB to DCs, FAPs, and monocytes. Abbreviations: APC, antigen-presenting cells; CTX, cardiotoxin; DCs, dendritic cells; Dividing IC, dividing immune cells; DPI, days post injury; ECs, endothelial cells; FAPs, fibro-adipogenic progenitors; MΦ, macrophages; MuSCs, muscle satellite cells; TA, tibialis anterior muscle.

To further explore the potential function of this subpopulation, we analyzed enrichment of receptor-ligand pairs between immunomyoblasts and all other meta-clusters (from [Figure 1](#fig1){ref-type="fig"}B). Given that immunomyoblasts were enriched for immune-related genes, it was not surprising that receptor-ligand pairs were also enriched between immunomyoblasts and immune cell populations ([Figures 5](#fig5){ref-type="fig"}E and [Table S5](#mmc1){ref-type="supplementary-material"}). Although the functional impact of this subpopulation remains to be determined, our data suggest that MuSCs can activate an immunogenic transcriptional program that may play a role in muscle regeneration and/or immune cell modulation in response to injury.

Discussion {#sec3}
==========

Our data containing the transcripts of over 53,000 cells during muscle regeneration highlights the complex nature of tissue regeneration and identifies a subpopulation of MuSCs with immune gene characteristics. Although batch effects remain a technical and analytic challenge for the present dataset, non-linear batch correction methods aim to minimize the differences observed across similar samples processed using different platforms or under different experimental conditions ([@bib58]). Given that each sample in our dataset is a unique time point, we did not perform batch correction as we did not have multiple samples from the same time point (although samples were processed as uniformly as possible). Therefore, our datasets were merged and subsequently analyzed in order to preserve the expected heterogeneity across regeneration time points. PCA and UMAP embedding highlight that samples cluster by regeneration time point and not by batch ([Figure S3](#mmc1){ref-type="supplementary-material"}). However, future experiments to include cell tagging will clarify potential batch effects across regeneration time points ([@bib18], [@bib29]). Nonetheless, our dataset recapitulates key features of muscle regeneration. Specifically, the immune cell populations were the largest in number and displayed the most time-dependent dynamics. Although 21 DPI immune characteristics approached the non-injured muscle state, they were fairly distinct as we detected small populations of pro- and anti-inflammatory populations, dendritic cells, T cells, and leukocytes. These late-regeneration-stage immune cells may function to further model the regenerated muscle or may be a signature of injured muscle and thereby impart a "memory" on the injured muscle ([@bib7]), which will be important to consider for clinical applications in which injury precedes therapy.

In contrast to the immediate and subsequent resolution of the immune response, the mesenchymal populations displayed a linear trajectory from activated FAPs through to the non-injured subpopulations. In non-injured muscle, we identified two subpopulations of FAPs. One, which we termed Cxcl14^+^ FAPs, and another Dpp4^+^ population with similar features to the reticular interstitial progenitors identified in mouse and human adipose tissue and recently described in muscle ([@bib39], [@bib56]). Upon injury, activated FAPs were transcriptionally distinct from the non-injured populations and progressed to Wisp1^+^ FAPs at 3.5 and 5 DPI. The transient expression of *Wisp1* in the FAP population was consistent with a recently reported function for Wisp1 in FAPs, in which its expression is enriched in FAPs at 3 DPI and required for MuSC asymmetric expansion ([@bib36]). Thus, this population of FAPs warrants further investigation as they may play a role in MuSC function and skeletal muscle regeneration as a whole. Our dataset also identified a subpopulation of Dlk1^+^ FAPs that appeared to be specific to 10 DPI. Interestingly, Dlk1 is a marker for pre-adipocytes and FAP accumulation can lead to intra-muscular adipocyte infiltration ([@bib3], [@bib25]). Whether the Dlk1+ FAP population represents a pre-adipocyte state during muscle regeneration will also require future studies. At 21 DPI, we detected a unique population of fibroblasts enriched for collagen type 1 gene expression and therefore may represent persistent, unresolved fibrosis after injury. Osr1^+^ FAPs were the predominant cell type present at 21 DPI, and a small population of Osr1^+^ FAPs was also present in non-injured muscle. A recent report suggests that Osr1^+^ FAPs constitute the FAP progenitor pool in response to freeze injury ([@bib59]). However, our data did not imply any specific progenitor population and, more strikingly, did not identify a subset of FAPs enriched for cell-cycle-related genes. These data demonstrate the possibly diverse role of the FAP populations and will serve as a platform to further our understanding of the functional significance of these subpopulations.

The striking dynamics of the immune and mesenchymal populations prompted us to further explore MuSC transcriptional features, by which we identified a subpopulation of MuSCs enriched for immune-related genes. We determined by IF that a subpopulation of MuSCs indeed express immune-related genes upon injury and further evaluated the expression of MHC II on the surface of a subset of MuSCs via FACS. This subpopulation of MuSCs has not been defined as a discrete subpopulation but overlaps with the previously described literature. Early studies suggested that a specific subset of bone-marrow-derived stem cells contribute to muscle regeneration through fusion into the newly regenerated myofibers and that Cd45^+^ cells can be myogenic upon muscle injury ([@bib14], [@bib43], [@bib47], [@bib52]). MuSCs can also act as antigen-presenting cells upon viral transduction ([@bib9]), suggesting an immune transcriptional program exists in MuSCs. A recent study further suggests that non-hematopoietic cells can express MHC II ([@bib67]). Various datasets analyzing the expression profiles of quiescent and activated MuSCs also show that inflammatory gene signatures are enriched in activated MuSCs ([@bib46]). However, these studies used bulk-RNA methods and thus were unable to assign the expression of inflammatory and complement-related transcripts to a specific subpopulation. Furthermore, a recent study identified immune-related gene expression networks by RNA-sequencing of Pax3-positive cells in mouse limb during fetal myogenesis ([@bib55]), when a subset of embryonic myoblasts take the sublaminar position to become MuSCs. Similarly, our *in silico* analysis showed that IMBs were most abundant at 21 DPI, perhaps suggesting a synergism between the immune system and the homing of quiescent MuSCs upon completion of regeneration. Interestingly, at 21 DPI we detected a diverse range of immune cells including pro-inflammatory subsets, which may secret pro-inflammatory cytokines to promote the expansion of MuSCs including IMBs ([@bib15]). Although further functional analyses will be required to confirm if the IMBs represent a true subpopulation of MuSCs with a specific function, our single cell transcriptional profiling and preliminary IF and FACS data provide evidence for the existence of this subpopulation of transitional myoblasts.

Limitations of the Study {#sec3.1}
------------------------

Given that each time point was a single sample, there may be batch effects that cannot be teased out with the current dataset. Although PCA, clustering, and UMAP embedding did not suggest a strong batch effect, future experiments to include cell tagging or additional samples will be necessary to elucidate batch effects. *In silico* identification of a subpopulation of MuSCs enriched for immune-gene expression (immunomyoblasts) will require further functional validation to confirm that this subpopulation is not an artifact of scRNA-seq sample preparation. Although IF suggested that a subset of MuSCs express C1q and MHC-II upon muscle injury, future efforts to evaluate the transcriptional features and functional role of this MuSCs population will help determine the functional relevance of this subpopulation in muscle regeneration.

Methods {#sec4}
=======

All methods can be found in the accompanying [Transparent Methods supplemental file](#mmc1){ref-type="supplementary-material"}.

Data and Code Availability {#appsec1}
==========================

The accession number for the single-cell RNA-sequencing data reported in this paper is: [GSE138826](ncbi-geo:GSE138826){#interref20}.
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Document S1. Transparent Methods, Figures S1--S12, and Tables S1--S5
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